We have previously reported on the M-phase speci®c dephosphorylation of pRb and identi®ed a type 1 serine/ threonine protein phosphatase (PP1) as the enzyme mediating pRb dephosphorylation. In this report, we have characterized the pRb-directed phosphatase activity found in mitotic cells with respect to dose dependence and demonstrate that the pRb isoform conversion detected in vitro mirrors the pRb isoform conversion which occurs during mitosis of intact cells. Cell fractionation and PP1 catalytic subunit isolation studies support the notion that the pRb-directed phosphatase activity involves subpopulations of PP1 catalytic subunits. Coprecipitation studies revealed that PP1 can form a complex with hypophosphorylated pRb which was converted from the hyperphosphorylated form in mitotic cell extracts. Taken together with data from previous reports in the literature, a model for the regulation of PP1 activity towards pRb during mitotic exit is proposed.
Introduction
One of the major cellular serine/threonine protein phosphatases is protein phosphatase type 1 (PP1) (Cohen, 1991) . An abundant enzyme expressed in all cells, complex regulation of PP1 is thought to be essential for proper temporal and spatial regulation of PP1 catalytic activity towards individual substrates (Ingebritsen and Cohen, 1983) . Three dierent isotypes of the catalytic subunit (PP1c), designated PP1c-a, PP1c-d, and PP1c-g1, are expressed in many dierent cell types (Shima et al., 1993) . These catalytic enzymes are found in higher order complexes with other, noncatalytic, polypeptides. Modulation of PP1 catalytic activity appears to be dependent upon associated proteins functioning in an inhibitory or targeting capacity. Several such PP1c-associated regulatory proteins have been described, and more are anticipated (Bollen and Stalmans, 1992; Mumby and Walter, 1993; Wera and Hemmings, 1995) .
Studies employing many eukaryotic systems all point to a crucial role for PP1c activity in controlling cell cycle progression, and an absolute requirement of this activity for mitotic exit (reviewed in Cyert and Thorner, 1989; Mumby and Walter, 1993; Kinoshita et al., 1990; Wera and Hemmings, 1995) . There is also evidence to suggest that phosphorylation of PP1c and its associated proteins by the cyclin-dependent kinases may regulate PP1c activity in a cell cycle stagedependent manner (Villa-Moruzzi, 1992; Yamano et al., 1994; Dohadwala et al., 1994) . Hence, current eorts are directed towards identi®cation of cell cycledependent substrates for PP1, and how regulation of PP1 activity towards these substrates controls the cell division cycle.
One physiological substrate for PP1 appears to be the product of the retinoblastoma susceptibility gene, pRb (Ludlow et al., 1993; Durfee et al., 1993; Alberts et al., 1993) . A demonstrated regulator of cell proliferation and dierentiation (reviewed in Riley et al., 1994) , pRb dephosphorylation begins during mitosis, and hypophosphorylated pRb exists through the subsequent G1 phase of the cell cycle. During S, G2, and continuing into mitosis, pRb exists in a hyperphosphorylated form. Considerable evidence suggests that pRb function is modulated by this phosphorylation modi®cation (reviewed in Riley et al., 1994; Weinberg, 1995) , with hypophosphorylated pRb being active in growth suppression.
We have previously reported on the M-phase speci®c dephosphorylation of pRb (Ludlow et al., 1990) . Subsequently, an assay system was developed in which extracts prepared from mitotic CV-1P monkey kidney cells were used to dephosphorylate immunopuri®ed pRb (Ludlow et al., 1993) . In this latter report, we identi®ed a type 1 serine/threonine protein phosphatase (PP1) as the enzyme mediating pRb dephosphorylation. Here, we further investigate several properties of the in vitro dephosphorylation reaction in order to characterize the mechanism(s) by which PP1-mediated pRb dephosphorylation is regulated. The pRb dephosphorylation reaction is shown to be dose-dependent, and to mirror the pRb isoform conversion which occurs during mitosis in intact cells. Cell fractionation studies suggest that the pRb-directed phosphatase activity involves subpopulations of PP1 catalytic subunits. Coprecipitation studies reveal that PP1 can form a complex with hypophosphorylated pRb, which is converted from hyperphosphorylated pRb in the mitotic cell extracts. Taken together with previous reports from this laboratory (Ludlow et al., 1990 (Ludlow et al., , 1993 Ludlow and Nelson, 1995; Nelson et al., 1997) and others (Durfee et al., 1993; Alberts et al., 1993) , a model for regulation of pRb-directed type 1 serine/ threonine protein phosphatase activity during mitotic exit is proposed.
Results

Dose-dependence of the in vitro pRb dephosphorylation assay
An important parameter of quantitative in vitro enzyme assays is the dose-dependence of the response being measured. In this case, as the amount of mitotic cell lysate used in the reaction increases, we should observe an increase in the amount of radiolabeled phosphate liberated from phosphorylated pRb with a concomitant increase in the amount of dephosphorylated pRb product. To address this issue, we plotted the in vitro pRb-directed protein phosphatase activity as a function of increasing mitotic cell extract concentration. As shown in Figure 1 , the pRb-directed protein phosphatase assay does exhibit dose-dependence, with the response being nearly linear with respect to the amount of cell extract used in the reaction. This linear release of phosphate with increasing amounts of extract demonstrates that the reaction is indeed dependent upon the amount of enzyme present, and therefore can be used to quantitate the amount of pRb-directed protein phosphatase activity present in samples of cell extract.
Isoform analysis of the pRb-directed phosphatase assay
Another important characteristic of this in vitro pRbdirected phosphatase activity, critical for interpretation of these data with respect to regulation of pRb dephosphorylation in vivo, is that the reaction faithfully mimic the response in intact cells. Figure 2 demonstrates that the pRb isoform conversion which occurs during mitotic exit in intact cells is also observed during dephosphorylation of pRb in vitro. The hypo-and hyper-phosphorylated forms of pRb which correspond to the active and inactive growth suppressive forms of the protein, respectively, can be separated on SDS ± PAGE by virtue of their differential mobilities (Ludlow et al., 1989) . Figure 2a shows the pRb isoform distribution in synchronized CV-1P cell populations. Note that G0/G1 arrested cells contain exclusively the faster migrating, hypophosphorylated, growth suppressive pRb isoform. In contrast, CV-1P cells in the proliferative phases of the cell cycle (e.g. S-phase and mitosis) are seen to predominantly exhibit the slower migrating, hyperphosphorylated, inactive isoforms of pRb. Figure 2b illustrates the time-dependent changes in endogenous pRb isoform distribution upon incubation of the mitotic cell extracts in vitro. Note that mitotic cells contain primarily hyperphosphorylated pRb (time 0), Figure 1 Dose response curve for the pRb-directed protein phosphatase activity. pRb-directed protein phosphatase activity was measured in response to increasing amounts of mitotic cell extract. The indicated ug of mitotic CV-1P cell extracts were diluted to 100 ul in 20 mM imidazole, 150 mM NaCl (pH 7.0) supplemented with 14 mM 2-mercaptoethanol, 20 mM TLCK, 20 mM TPCK, 20 mM leupeptin, and 1 mM pepstatin. Diluted extracts were mixed with 32 P-pRb substrate and reactions were allowed to proceed for 40 min at 308C. Phosphatase activity was measured as the loss of pRb band density relative to untreated control , and mitosis (M) was separated on a 6% polyacrylamide gel, and immunoblotted using pRb-speci®c antibodies to reveal the pRb isoform distribution. Hyper-and hypo-phosphorylated forms of pRb (pRb-P and pRb, respectively) are indicated on the blots by arrows. The cell cycle distribution for each treatment group is as follows: G1 -72% G0/ G1, 20% S, 8% G2/M; S -2% G0/G1, 94% S, 4% G2/M; M -5% G0/G1, 15% S, 80% M. (b) Conversion of endogenous pRb isoforms in vitro. Mitotic cell extracts were incubated in vitro at 308C for the indicated times prior to immunoblotting as in part a. The blot illustrates the time-dependent conversion of hyper-to hypo-phosphorylated forms of pRb during incubation of mitotic cell extracts in vitro. Hyper-and hypo-phosphorylated forms of pRb (pRb-P and pRb, respectively) are indicated on the blot by arrows. (c) Conversion of exogenous pRb substrate isoforms in vitro. pRb-directed protein phosphatase assays were performed with 35 S-labeled pRb to reveal protein isoforms. Reactions were carried out in duplicate. Mitotic CV-1P cell extracts were mixed with 35 S-pRb and incubated for 40 min on ice (lanes 1 and 2) or at 308C (lanes 3 and 4) to allow for pRb dephosphorylation. Reactions were then separated on 6% polyacrylamide gels, ®xed, dried and exposed for autoradiography. Hyper-and hypophosphorylated forms of pRb on the autoradiograph are indicated by the arrows which is then converted to the faster migrating hypophosphorylated form of pRb during the time course of incubation at 308C. By 40 min, virtually all of the pRb is converted to the active hypophosphorylated isoform. In Figure 1c , the conversion of pRb isoforms with exogenous pRb substrates in the in vitro assay is shown. The pRb substrate was radiolabeled with 35 S to reveal protein isoforms upon separation by SDS ± PAGE. As can be seen, in vitro incubation of the 35 S-labeled pRb with mitotic cell extracts converts the slower migrating hyperphosphorylated pRb to the faster migrating hypophosphorylated isoform. 32 P-labeled pRb substrate incubated in a parallel reaction showed that the isoform conversion observed corresponds to a 35% release of labeled phosphate (data not shown). These results demonstrate that the in vitro pRb-directed protein phosphatase assay using mitotic CV-1P cell extracts converts inactive hyperphosphorylated pRb to the active hypophosphorylated form of the protein, which mirrors the pRb isoform conversion which occurs during mitosis in intact cells.
Distribution of phosphatase activity
The active forms of PP1 in dierentiated cell types are largely particulate (Cohen, 1989) . To de®ne the distribution of the pRb-directed phosphatase activity during mitosis, mitotic CV-1P cell lysates were ®rst separated into soluble and particulate fractions. Each fraction was then tested independently for phosphatase activity towards pRb. Phosphatase activity towards phosphorylase a was also measured, as this is the standard substrate used for measuring PP1 activity in vitro (Cohen et al., 1988) . Table 1 summarizes the distribution of total phosphatase activity in the two cellular fractions. As illustrated, both the soluble and the particulate fractions of the mitotic cell lysates contain considerable phosphatase activity towards both pRb and phosphorylase a.
Immuno¯uorescence studies of PP1 have indicated that during mitosis approximately half of the PP1 catalytic subunit is associated with mitotic chromosomes, while the rest of the catalytic subunit is present throughout the cell cytosol (Fernandez et al., 1992) . However, no data on the heteromeric form(s) of PP1 during mitosis are as yet available. The separation of phosphoprotein phosphatase activity observed in the mitotic CV-1P cell lysates suggested to us that the soluble and particulate fractions may represent the cytosolic and the chromatin-associated fractions, respectively, of PP1 found in intact cells. To test this hypothesis, the two fractions were analysed for DNA content by agarose gel electrophoresis and staining with ethidium bromide to reveal the presence of DNA. Results shown in Figure 3 demonstrate that the chromosomal DNA co-fractionates with the particulate fraction, and is absent from the soluble cell fraction. Taken with the activity data presented above (Table 1) , these data support the notion that the soluble and particulate fractions of mitotic CV-1P cell lysates contain the cytosolic and chromosomal populations of PP1, respectively.
Activation of PP1 in mitotic cell extracts
The cell fractionation studies indicate that both the soluble and the particulate fractions of mitotic CV-1P cell lysates contain active PP1. In many dierentiated The soluble and particulate fractions of mitotic CV-1P cells were tested independently for phosphatase activity towards pRb and phosphorylase a. Phosphatase activity towards pRb was measured as a loss of pRb band density relative to untreated control 32 P-pRb samples on autoradiographs of the pRb-directed phosphatase assays. Phosphatase activity towards phosphorylase a was measured as the release of acid soluble counts from 32 P-phosphorylase a by liquid scintillation spectroscopy. The phosphatase activities of each fraction, in percent release per mg, were then multipled by the total amount of protein in the fraction to obtain the total phosphatase activities present in each fraction. For both substrates, results are presented as the percent of total cellular phosphatase activity present in each subcellular fraction¨1 2 3 cell types, however, much of the PP1 present is inactive, or latent, by virtue of association of PP1c with inhibitory proteins which control catalytic activity (Cohen, 1989) . To determine whether mitotic CV-1P cells also contain inactive, or latent, populations of PP1, the cell lysates were tested for phosphatase activity before and after limited proteolysis with trypsin. Limited proteolysis with trypsin has been reported extensively in the literature as a means to reveal latent phosphatase activity, indicative of association of PP1c with active inhibitor subunits. This assay exploits the relative sensitivity of the regulatory subunits to trypsin degradation compared to the catalytic core enzyme (PP1c), which is fairly resistant to trypsin degradation under the conditions employed (Khatra, 1986; Bollen and Stalmans, 1992; Brautigan et al., 1982; Begum, 1995) . Figure 4 shows the dose response of the soluble and the particulate fractions to trypsin activation of phosphatase activity measured towards phosphorylase a, the standard substrate used for this type of activation study. Assays were conducted both with and without added MnCl 2 , as some latent forms of PP1 have been shown to require millimolar concentration of manganese for full activation by trypsin treatment (reviewed in Bollen and Stalmans, 1992) . As illustrated, the activation of phosphatase activity by limited proteolysis in both the soluble and particulate fractions is approximately two-to threefold. Addition of MnCl 2 to the assays does not augment the trypsin activation, and in fact leads to a slight inhibition of phosphatase activity. Slight inhibition of phosphatase activity by 1 mM MnCl 2 has also been observed with other spontaneously active forms of PP1, in contrast to inactive forms of PP1 which may require Mn 2+ for activation in vitro (see Bollen and Stalmans, 1992) . In summary, these trypsin activation studies do not reveal latent forms of PP1 in either the particulate or soluble cell fractions, supporting our view and that of others that PP1 may be highly active in cells during mitotic exit and entry into G1 (Yamano et al., 1994; Ludlow and Nelson, 1995) .
Fractionation by anion exchange chromatography and density gradient sedimentation Since pRb colocalizes with the soluble fraction from mitotic cells, we decided to address the issue of whether this pRb-directed phosphatase activity in the soluble fraction could be further fractionated by anion exchange chromatography. pRb-directed protein phosphatase activity was found to be retained by the anion exchange matrix Q-Sepharose. Gradient elution was then performed to determine optimal elution conditions for the pRb-directed protein phosphatase. Results from linear salt gradient elution of mitotic cell extracts from Q-Sepharose are presented in Figure 5 . As illustrated, phosphatase activity towards pRb elutes in a broad peak from fraction 45 through fraction 48, which overlaps, but is not entirely coincident with the phosphorylase phosphatase activity peak (fractions 46 ± 49). We also separated PP1 contained within mitotic cell extracts by density gradient sedimentation. As shown in Figure 6 , the peak of pRb-directed phosphatase activity (fractions 7 and 8) separates away from the bulk of PP1 protein (fractions 4 ± 6), as detected by Western blotting of the fractions. These data suggest that there are subpopulations of PP1 found within mitotic cells which are capable of dephosphorylating pRb. Anion exchange pro®le of the mitotic phosphatase activities on Q-Sepharose. Mitotic CV-1P cell extracts adsorbed to Q-Sepharose were separated with a ®ve column volume gradient from 0.085 M to 0.885 M NaCl. Equal volumes of the resulting fractions, indicated numerically, were tested for phosphatase activity towards pRb (®lled squares) and towards phosphorylase a (open squares). Phosphatase activity towards pRb was measured as a loss of pRb band density relative to untreated control 32 PpRb samples on autoradiographs of the pRb-directed phosphatase assays. Results are expressed as the percent decrease in pRb band density in the assays. Phosphatase activity towards phosphorylase a was measured as the release of acid soluble counts from 32 P-phosphorylase a by liquid scintillation spectroscopy. Results are expressed as the percent of total counts which were released by the assays. The NaCl gradient pro®le (straight line) is included for reference
Interaction of pRb with PP1c in mitotic CV-1P cell extracts
The catalytic subunit of PP1 (PP1c) has also been shown to form a stable complex with pRb (Durfee et al., 1993) . To extend those observations, we examined the association of pRb and PP1c during dephosphorylation of pRb by mitotic cell extracts in vitro. Results are shown in Figure 7a that a recombinant GST-PP1c fusion protein, but not a GST protein alone, coprecipitates pRb from mitotic cell extracts.
Co-immunoprecipitation of pRb and PP1c from mitotic cell extracts using antibodies directed towards PP1c initially failed to demonstrate complex formation in the mitotic cell extracts. In the reported association of pRb and PP1c (Durfee et al., 1993) , PP1c was found to complex preferentially with the hypophosphorylated form of pRb, although the authors point out that the results could not rule out dephosphorylation of associated pRb by PP1 in pRb-PP1c complexes. We reasoned that because PP1 may associate preferentially with the hypophosphorylated form of pRb, these complexes may not be present in the mitotic cell extracts, which contain predominantly hyperphosphorylated pRb (see Figure 2) . Hence, mitotic CV-1P cell extracts were tested for complex formation between PP1c and pRb both before and after incubation of the cell extracts for 30 min at 308C to convert hyperphosphorylated pRb to the hypophosphorylated isoform (see Figure 2) . Figure 7b demonstrates that pRb coprecipitates with PP1c from mitotic cell extracts using several PP1c isoform-speci®c antibodies, but only after preincubation of the extracts for 30 min at 308C, and not from the untreated cell extracts. The apparent discrepancy between these data and those of the GST-PP1 fusion protein may be reconciled if one considers that, since the fusion is both catalytically active (JW Ludlow and N Berndt, unpublished observations) and present in great abundance when mixed with the cellular extract, this enzyme most likely dephosphorylates pRb within the extract, thus increasing the abundance of the hypophosphorylated form capable of complexing with PP1. Furthermore, these results corroborate the ®ndings of Durfee et al. (1993) that pRb and PP1c coprecipitated from extracts of synchronized cell populations only during mitotic exit and G1 entry, during which time pRb is found in the hypophosphorylated state, and support the view that PP1 preferentially complexes with the hypophosphorylated form of pRb. Finally, while hyperphosphorylated pRb is a substrate for PP1c, preferential complex formation Mitotic CV-1P cell extracts (300 mg) were incubated with GST proteins bound to glutathione-Sepharose to remove cellular proteins which bind to the GST anity reagents. Bound proteins were then separated by SDS ± PAGE and transferred to nitrocellulose. Blots were developed with antibodies to pRb. Lanes on the blot are as follows: lane 1, 25 mg mitotic CV-1P cell extract; lane 2, GST-PP1 anity precipitation; and lane 3, GST anity precipitation. The position of pRb is indicated on the left side of the blot by the arrow. (b) Coprecipitation of pRb using PP1c-isoform-speci®c antibodies. Mitotic cell extracts (300 mg) were subjected to immunoprecipitation using PP1c-isoformspeci®c antibodies before (lanes 5 ± 8) and after (lanes 1 ± 4) incubation of the extracts at 308C to allow for pRb dephosphorylation in vitro. Samples are as follows: normal rabbit serum, lanes 1 and 5; PP1c-a precipitations, lanes 2 and 6; PP1c-d precipitations; lanes 3 and 7; PP1c-g-1 precipitations, lanes 4 and 8. Positions of molecular weight markers included on the gel are indicated on the left side of the blot. Position of pRb is indicated on the right side of the blot by the arrow. The inset shows mitotic CV-1P cell extracts before (lane 1) and after (lane 2) incubation at 308C to eect pRb dephosphorylation. Positions of hyper-and hypo-phosphorylated forms of pRb are indicated on the right side of the bloẗ % Decrease Figure 6 Density gradient sedimentation pro®le of the mitotic phosphatase activities. Mitotic CV-1P cell extracts were sedimented through a 10 to 30 percent glycerol gradient and fractionated from the top to the bottom (left to right in Figure) . Equal volumes of the resulting fractions, indicated numerically below each lane, were tested for phosphatase activity towards pRb as measured by loss of pRb band density relative to untreated control samples. Results are expressed as the percent decrease in pRb band density and reported numerically above each lane. The Western blot pro®le of these gradient fractions, using PP1c-a-isoform-speci®c antibodies, reveals the distribution of the PP1 catalytic subunit as indicated by the arrow between PP1c and hypophosphorylated pRb in the in vitro assay provides a system for dissecting the functional signi®cance of the pRb-PP1c association. Studies directed towards this goal are currently underway.
Discussion pRb is a cell cycle regulatory protein whose function is modulated by cell cycle-dependent serine/threonine phosphorylation. Dephosphorylation of pRb during the M to G1-phase transition activates pRb for the G1 phase of the cell cycle during which pRb mediates its growth suppressive eects. As loss of pRb function correlates with tumor formation in many cell types, clearly pRb-mediated growth suppression is an important aspect of cell growth control. Thus, identi®cation of PP1 as the likely enzyme mediating pRb dephosphorylation suggests that PP1 contributes indirectly to cell growth control by activating the growth suppressive function of pRb (Ludlow and Nelson, 1995) . PP1 is a major cellular phosphatase, thought to be active towards a variety of phosphoprotein substrates during the cell cycle. Thus, PP1 most surely contributes towards many aspects of cell growth control, and characterization of the mechanisms by which PP1 is regulated towards individual substrates to eect ordered cell growth is an important current challenge.
In this report, the in vitro pRb-directed dephosphorylation reaction was shown to be both dosedependent and capable of converting pRb to functional isoforms as is observed during mitotic exit and G1 entry in intact cells. Therefore, this in vitro assay system can be eectively and reliably used to dissect the mechanisms by which pRb dephosphorylation is regulated during cell cycle progression. Separation of the mitotic pRb-directed phosphatase activity into particulate and soluble fractions suggests that there are subpopulations of PP1 capable of acting on pRb. Additional support for this was provided by our chromatographic and density gradient sedimentation studies, which revealed further subpopulations of PP1 catalytic subunit contained within the soluble cell fraction which are active towards pRb.
The observed two-fold activation of mitotic PP1 in our trypsin activation studies contrasts with the 20-to 40-fold activation of phosphatase activity which has been seen with latent forms of PP1 found in dierentiated cells (Khatra, 1986; Bollen and Stalmans, 1992; Brautigan et al., 1982; Begum, 1995) . These data support the notion that mitotic CV-1P cells contain little or no latent populations of phosphatase, suggesting that active inhibitor subunits are not associated with the catalytic subunit. Rather, PP1 is spontaneously active during mitosis, when extensive dephosphorylation must occur as a requisite for mitotic exit.
We extended the observation by others that PP1 complexes with hypophosphorylated pRb (Durfee et al., 1993) to include PP1 binding to hypophosphorylated pRb which was converted from the hyperphosphorylated isoform in mitotic cell extracts. As with any type of cell lysis/precipitation experiment, we must acknowledge the possibility that our observed pRb/PP1 complex formation may be facilitated by the lysis conditions. We feel that this explanation is unlikely, however, due to the speci®city of the pRb-PP1 precipitation conditions. We only detect the pRb-PP1 interaction in mitotic cell lysates under conditions where pRb is dephosphorylated (i.e. immunoprecipitations at t30 vs t0 of incubation), or with fusion proteins which are present in vast excess over the endogenous targets. Furthermore, Durfee et al., 1993 , observed a similar speci®city for detecting pRb-PP1 interaction in extracts of synchronized cell populations.
How PP1 is displaced from pRb, and its relationship to pRb phosphorylation during late G1-and Sphase, is not addressed by these studies. One intriguing notion which comes from the observation that PP1 binds only to hypophosphorylated pRb, however, is that PP1 association with pRb prevents the untimely phosphorylation of pRb, thus indirectly contributing towards the temporal progression of the cell cycle. From this, one may predict that PP1 mutations which prevent binding to pRb may promote pRb phosphorylation and ultimately contribute towards cellular transformation. Along this line of thought, it is interesting to note that mutations in chromosome 11q13, the location of the human PP1 catalytic subunit gene, have been linked with the development of certain cancers (Barker et al., 1990) . Alternatively, the association of PP1c with only the hypophosphorylated and active growth suppressive form of pRb may indicate that pRb acts as a targeting subunit for PP1 during early G1.
Finally, how is the phosphatase activity towards pRb regulated? Our previous results have demonstrated that pRb-directed phosphatase activity is greatest in mitotic cells (Ludlow et al., 1990 (Ludlow et al., , 1993 , while the activity towards phosphorylase a remains constant throughout the cell cycle, as does PP1 catalytic subunit abundance as determined by Western blotting. Data contained in this report suggest that pRb is dephosphorylated by a subpopulation of the PP1 in mitotic cells. In another recent report from our laboratory (Nelson et al., 1997) , we found that the mitotic pRb-directed phosphatase is a high molecular weight species, in which PP1c is likely associated with an approximate 110 kD regulatory protein. This protein is likely to be homologous to the PP1-associated R 111 protein described by Jagiello et al. (1995) which has been isolated from rat liver cell nuclei. Taken together with our observations and those of Durfee et al. (1993) that PP1c can directly complex with pRb, but only with hypophosphorylated pRb present during mitosis and early G1 phase, the following model for the cell cycle-dependent regulation of PP1 activity towards pRb may be put forth.
High molecular weight PP1 holoenzyme, possibly a PP1c/R 111 heterodimer, is active during mitosis and dephosphorylates pRb. PP1c then remains associated with the hypophosphorylated form of pRb during the M to G1 phase transition. This association assures high ®delity maintenance of pRb in the hypophosphorylated, growth suppressive form during the return of the cell to the interphase portion of the cell cycle. Thus, the cell cycle-dependent regulation of protein phosphatase activity towards pRb would involve the interplay of activating PP1 regulatory proteins during mitosis which initiate pRb dephosphorylation, followed by complex formation between PP1 and pRb to ensure high ®delity maintenance of pRb dephosphorylation during mitotic exit and G1 entry. This mechanism for eecting proper regulation of pRb dephosphorylation would ensure that cells entering G1 would contain active pRb, thus providing for proper control of cell growth and dierentiation. Furthermore, the pRb-PP1 association may regulate the activity of one or both of these proteins towards other cellular proteins. In this regard, Durfee et al. (1993) point out that PP1 contains two LXSXE motifs. Such a motif has correlated with the ability of proteins which contain them to form a complex with pRb (Radulescu, 1995) . With the current interest in the function of serine/threonine phosphatases and the growth suppressing protein pRb, a more complete model of the functional signi®cance of their interaction may soon become available.
Materials and methods
Cell growth and synchronization conditions
CV-1P, a continuous line of monkey kidney cells, were maintained in Dulbecco's modi®ed Eagle's medium (DMEM, Gibco), containing 10% newborn bovine serum at 378C in a humidi®ed, 5% CO 2 -containing atmosphere. G0/G1 cells were obtained by culturing cells for 72 h in methionine-free DMEM supplemented with 2% dialyzed calf serum (Gurley et al., 1975; Woodford and Pardee, 1986) . To obtain cells enriched in S-phase, G0/G1 cells were cultured in DMEM containing 0.5 mM hydroxyurea supplemented with 10% newborn calf serum for 16 h to arrest the population at the G1/S boundary (Adams and Lindsay, 1967) . G1/S cells were then released into S-phase for 3 h with DMEM containing 10% newborn calf serum. M-phase cells were isolated by mitotic shake-o after 18 h in DMEM containing 0.4 mg/ml nocodazole (methyl[5-{2-thienylcarbonyl}-1H-benzimidizole-2yl]-carbamate; Janssen) supplemented with 10% newborn calf serum (Shenoy et al., 1989) . Flow cytometry was performed on a Pro®le IĪ ow cytometer (Coulter Counter, Hialeah, FL) . DNA histogram analysis was performed using the EPICS Cytologic DNA software package version 2.0.
Radioisotopic labeling of cell cultures
35 S-methionine labeling was achieved by incubating actively growing cells for 3 h with methionine-free DMEM supplemented with 0.5 MCi 35 S-Translabel (ICN) at a concentration of 0.2 mCi/ml. For 32 P-labeling, actively growing cultures were maintained in phosphate-free DMEM containing 0.5 mCi/ml of 32 P-orthophosphate (NEN, carrier free) for 3 h.
Gel electrophoresis and Western blotting
Protein samples were separated by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS ± PAGE) (Laemmli, 1970) . After electrophoresis, the proteins were transferred to nitrocellulose paper (Towbin et al., 1979) in buer containing 25 mM Tris-HCl (pH 8.5), 192 mM glycine, 20% (V/V) methanol and 0.01% SDS. Blots were blocked in TBST (20 mM Tris-HCl, pH 8.0, 120 mM NaCl, 0.1% tween-20) containing 4% nonfat dry milk. Incubations of primary antibodies were overnight in TBST containing 2% nonfat dry milk. pRb was detected using PharMingen antibody RB-PMG3-245. Other antisera used were kindly provided as follows: PP1 speci®c antibodies by Dr. Norbert Berndt (Children's Hospital of Los Angeles), PP1 isoform-speci®c antibodies by Dr Emma Villa-Moruzzi (Pisa, Italy). Blots were developed using horseradish peroxidase-conjugated secondary antibodies and enhanced chemiluminescence detection (Amersham) according to the manufacturer's instructions.
Localization of DNA
Cell fractions were treated for 6 h at 378C with 200 mg/ml Proteinase K (Boehringer Mannheim), 1 mg/ml RNAse A (Sigma) and an additional 2 h with EcoRI (BRL). Samples were then separated in 0.6% agarose gels in TAE (0.04 M tris-acetate; 0.001 M ethylenediaminetetraacetic acid {EDTA}) with 0.5 mg per ml of ethidium bromide (Sambrook et al., 1989) and visualized on a Spectroline 312 nm u.v. transilluminator.
Preparation of mitotic cell lysates
M-phase cells were washed three times with ice cold wash buer (20 mM imidazole, pH 7.0; 150 mM NaCl) and lysed by 15 times passage through a 28 gauge syringe needle in the same buer supplemented with 14 mM 2-mercaptoethanol and the following concentrations of protease inhibitors: 1 mM benzamidine, 50 mM Na-ptosyl-L-lysine chloromethyl ketone (TLCK), 50 mM Ntosyl-L-phenylalanine choromethyl ketone (TPCK), 50 mM leupeptin, and 1 mM pepstatin. Cell extracts were separated from insoluble material in the cell lysates by brief centrifugation at 10 000 g. Insoluble cell material was resuspended in the cell lysis buer to a total volume equal to that of the soluble cell extract for analysis of the particulate cell fraction. Protein was measured using the BioRad protein assay system according to the manufacturer's instructions.
Phosphatase assays
Radiolabeled pRb substrate was prepared by immunoprecipitation with monoclonal antibody RB-PMG3-245 (PharMingen), rabbit anti-mouse IgG, and Protein A Sepharose from clari®ed lysates of 32 P-labeled CV-1P cells as described previously (Ludlow et al., 1993) . Immunoprecipitates were washed one time with ice cold mitotic cell lysis buer just prior to use. 32 P-labeled pRb was aliquoted equally, mixed with cell extracts or fractions, and incubated for 40 min at 308C. Reactions were terminated by the addition of volume of 36 SDS ± PAGE sample buer (7% SDS, 33% glycerol, 0.32 M DTT, and 0.001% bromophenol blue) and boiled for 10 min. Proteins were separated on 8% SDSpolyacrylamide gels, ®xed, dried, and exposed to X-ray ®lm for autoradiography. Images were then quanti®ed by densitometry. Total pRb radioactivity present in the assays was determined from control aliquots of 32 P-pRb substrate, which were not subjected to incubation at 308C in the presence of cell extracts or fractions, and which were included on each gel. Results are presented as percent decrease in pRb band densities on autoradiographs for experimental lanes relative to control lanes. 32 P-labeled phosphorylase a was prepared as described previously (Cohen et al., 1991) . Phosphorylase phosphatase activity was subsequently measured as the release of trichloroacetic acid (TCA) soluble counts from 32 P-phosphorylase a as previously described (Cohen et al., 1991) .
Trypsin activation studies
Protein fractions were incubated for 5 min at 378C with the indicated concentrations of trypsin (Worthington), and the reactions terminated with three volumes of 100 mg/ml soya trypsin inhibitor (STI, Sigma) prior to phosphatase assays.
PP1-fusion protein construct and protein isolation
The vector pDR540-PP1c-a-isoform was a gift from Dr. Norbert Berndt (Children's Hospital of Los Angeles), and pGEX-2TK was kindly provided by Dr William Kaelin (Dana Farber Cancer Institute). The coding region of PP1c-a was excised from pDR540-PP1c-a by restriction digestion with BamHI, and blunt-ended with Klenow fragment. pGEX-2TK was restricted in the multicloning site with EcoRI, blunt-ended with Klenow fragment, and treated with calf intestinal phosphatase. The PP1c-a cDNA was then inserted into the pGEX-2TK vector by blunt-end ligation with T4 DNA ligase. All enzymes were from Gibco/BRL. The ligation was then transformed into DH5a by electroporation using a BioRad Gene Pulser according to the manufacturer's instructions (BioRad). Subclones with PP1c-a cDNA inserts in the correct orientation were selected by restriction analysis. GST-PP1c-a fusion protein was found to be catalytically active against phosphorylase a in activity assays (J.W. Ludlow and N Berndt, unpublished observations).
Induction of fusion protein synthesis and isolation of GST-PP1c fusion protein by anity chromatography using glutathione-Sepharose beads (Pharmacia) was performed as described previously (Kaelin et al., 1991) .
GST and GST-PP1 anity isolations
Mitotic CV-1P cell extracts were diluted to 0.5 ml in the supplemented mitotic cell lysis buer, and incubated for 1 h at 48C with recombinant GST or GST-PP1c (Kaelin et al., 1991) fusion protein bound to glutathione-Sepharose. Bound proteins were washed with the same buer, separated on 10% SDS-polyacrylamide gels, and transferred to nitrocellulose. Protein blots were then developed for either pRb or PP1.
Density gradient sedimentation
Mitotic CV-1P cell extracts were layered onto a 10 to 30 percent glycerol gradient in 20 mM imidazole (pH 7.0), 150 mM NaCl supplemented with 14 mM 2-mercaptoethanol and the following concentrations of protease inhibitors: 1 mM benzamidine, 20 mM TLCK, 20 mM TPCK, 20 mM leupeptin, and 1 mM pepstatin, and centrifuged in a Beckman SW65 rotor for 19 h at 55 krpm and 48C. The gradient was fractionated from top to bottom taking 0.5 ml fractions.
Gradient separation of mitotic extracts on Q-Sepharose
Mitotic CV-1P cell extracts were diluted to 0.085 M NaCl in 20 mM imidazole, pH 7.0, supplemented with 14 mM 2-mercaptoethanol and the following concentrations of protease inhibitors: 1 mM benzamidine, 20 mM TLCK, 20 mM TPCK, 20 mM leupeptin, and 1 mM pepstatin. Diluted extracts were applied to a 5 ml Q-Sepharose (Sigma) anion exchange column and the column was washed with the same buer until the A280 pro®le returned to baseline. Bound proteins were then eluted with a linear salt gradient from 0.085 M to 0.885 M NaCl in 20 mM imidazole, pH 7.0, with the same supplements as the loading buer. Fractions (0.5 ml) were monitored by A280 and tested for protein using the BioRad protein assay system. Conductivities were measured using a conductivity meter and the salt concentrations of the fractions were determined by comparison to the conductivities of standard salt solutions.
